Introduction
A feature of recent pertussis outbreaks in the United States has been an increased number of cases reported among teenagers. According to the U.S. Centers for Disease Control and Prevention (CDC), 29.9% of cases in 2012 occurred in those of 11-19 years of age [1] . The near elimination of childhood pertussis has been one of the success stories of vaccination, with annual disease incidence dropping from 157 cases per 100,000 in the prevaccine era to <1 per 100,000 in the 1970s [2] . Another worrisome feature of recent outbreaks is that many teens have become ill despite Tdap immunization. Among the hypotheses suggested to explain the resurgence in teen pertussis are rapid waning of immunity from pertussis vaccination, inadequate herd immunity due to vaccine refusal, increased testing and reporting of pertussis, shifts from whole cell to acellular vaccine, and genetic drift of pertussis strains that skirt vaccine-derived immunity [3] [4] [5] [6] [7] [8] .
It is also possible that sociodemographic features such as income may affect reported rates of pertussis. It is likely that pertussis among both adolescents and adults in the US is endemic but largely underreported [9, 10] . Higher income may influence who is more likely to seek care or to receive testing for nonspecific respiratory diseases, including many cases of pertussis. But it is also possible that pertussis incidence may really be higher among higher income cohorts because of differential vaccination rates and associated immunity, or contact structures and social networks that make exposure more likely.
The purpose of this analysis was to examine whether local area differences in income levels were associated with differences in reported adolescent pertussis disease rates in Northwest Oregon during a 2012 outbreak. A secondary concern was whether income levels affected apparent disease risk independent of community Tdap immunization rates for adolescents.
Methods
Immunization and demographic records from the Oregon ALERT Immunization Information System (ALERT IIS) were linked to reported pertussis case data for 2012 in Oregon. ALERT IIS is populated by Oregon birth records and by [11] . Data on income distribution by zip code were downloaded from the Population Estimates Program of the U.S. Census Bureau. Lower income zip codes were defined as those where the percentage of households with annual incomes of <$35,000 exceeded the mean by at least one standard deviation. Higher income zip codes were defined as those where the percentage of households with incomes >$100,000/year exceeded the mean by at least one standard deviation. Middle income zip codes were defined as those meeting neither of the above criteria. While these criteria are not necessarily mutually exclusive, in our study each zip code fell into only one income category. Zip code areas with <10 adolescents or for which there was no match between Census and postal zip code lists were excluded from the analysis; this exclusion did not remove any pertussis cases from the study. Population counts per zip code of adolescents aged 13 to 16 were based on adjusted ALERT IIS reporting [12] .
Pertussis incidence rates were calculated for each of the three zip code income groups. Risk ratios and confidence intervals were calculated in WinPepi [13] for the middle and more affluent income zip codes, with incidence in the lower income zip codes as the referent. Using ALERT IIS data, Tdap immunization rates among teens 13-16 years of age were also calculated by zip code and compared to disease rates. In addition, the percentage of adolescents with any record of receipt of pertussis-containing vaccine through the Vaccines for Children Program (VFC) was examined by zip code as an alternate proxy for income. Higher income areas based on VFC were defined as where less than 1/6th of teens had used any VFC pertussis vaccine, and low income areas were defined as where more than 1/3rd had used VFC pertussis vaccine. The VFC program in the US provides free vaccine to low income and disadvantaged children. To complement the area-based analysis, an individual-level analysis of pertussis risk was conducted for the cohort of 13-year-olds in 2012, stratifying by participation in the Oregon Health Plan (OHP), which is limited to those with family incomes <200% of the U.S. Federal Poverty Level. OHP participation was used as a proxy for lower family income.
Results
Based on ALERT IIS records, a total of 109,080 teenagers 13-16 years of age resided in the 138 zip code areas in the nine study counties of Northwest Oregon. Among the 138 zip code areas used in the analysis, 16% were categorized as lower income, 15% as higher income, and 69% as middle income. Population and pertussis data for the zip code income areas are presented in Table 1 . During 2012, 112 confirmed pertussis cases from 43 of the 138 zip codes were reported among teens 13-16 years of age. The mean Tdap immunization rate was 85.4% in lower income areas, 88.0% in middle income areas, and 88.1% in higher income areas.
Residence in a zip code with a Tdap immunization rate above the median (RR = 0.8, 95% CI 0.6-1.2) was not significantly associated with lower reported pertussis incidence. Overall, adolescents living in higher income zip codes were 2.6 (95% CI 1.8-3.8) times more likely to have reported pertussis in 2012 as those in other zip codes and 3.1 (95% CI 1.4-6.5) times more likely as those in the lower income category. The association of pertussis incidence with residence in higher income zip codes persisted after zip code stratification by Tdap immunization rate. Among zip codes with teen Tdap immunization rates above the median, those in higher income zip codes were 2.5 (95% CI 1.2-5.5) times more likely than all others to have reported pertussis. Among those resident in zip code areas with Tdap rates below the median, those in higher income areas were also 2.7 (95% CI 1.7-4.4) times more likely than all others to have reported pertussis.
For the alternative zip code area categorization by VFC percentages, a similar relationship to pertussis was observed as that found from income grouping. Zip code areas with low VFC usage had pertussis incidence rates that were 2.1 (95% CI 1.3-4.0) higher than rates in high VFC usage areas. VFC usage was also observed to vary by area incomes. In higher income zip code areas, the mean rate of adolescents using VFC vaccine for Tdap was 12.5%; in middle income areas, this rate increased to 25.8%, and in lower income areas it was 33.7%.
As a confirmatory analysis of individual risk by household income, 26,760 teenagers who turned 13 years of age during 2012 were evaluated for pertussis risk against income. Overall, 25.5% of this population was enrolled in the Oregon Health Plan (OHP), for whom in 2012 eligibility is restricted to those with family incomes under 200% of the US poverty level. Of 46 pertussis cases among Northwest Oregon adolescents 13 years of age, 5 (11%) occurred among OHP clients. The incidence rate among OHP 13-year-olds was 0.74/1,000, compared to 2.06/1,000 among non-OHP 13-year-olds (RR = 0.4, 95% CI 0.1-0.9).
Discussion
This study found that more affluent areas experienced higher reported pertussis rates among adolescents during a 2012 outbreak. This increased reported risk occurred irrespective of the differences in area immunization levels. On an individual level, this study also found that lower income status as measured by participation in the Oregon Health Plan was associated with lower reported pertussis rates. Other studies have shown, using reported case data, that Tdap immunization is protective against pertussis [14, 15] . Our findings in no way conflict with the strategy of building pertussis herd immunity with Tdap, but they do present a caveat to the interpretation of vaccine effectiveness and pertussis reports across heterogeneous populations.
The risk of pertussis disease for an individual is a combination of exposure and vulnerability. The chances of capturing a case of pertussis are based on the likelihood of care seeking and testing. From the data shown here, it is not known whether the increase in reporting risk that was observed based on income is from a real difference in disease due to increased exposure or from greater identification of disease due to increased chance of seeking care and testing. Basic immunization rates and well child visit rates in Oregon are similar for higher and lower income populations, but whether care seeking and testing for respiratory illness vary by income is unknown.
Differences in care seeking and testing could account for observed differences in rates of reported pertussis by income. Alternatively, variability of exposure, in terms of proximity, duration, or respiratory hygiene, or differential susceptibility to pertussis following exposure based on socioeconomic factors rather than on vaccine-induced immunity, may be playing a role. Income and social class have been shown to affect numbers and types of interpersonal contacts, leading to a potential for a real difference in disease risk based on income across social networks [16] . Another possibility is that social networks among those of relative affluence include more children who are missing immunizations. Pertussis incidence in younger children, based on parental choices to limit or avoid immunizations, is associated with higher parental socioeconomic status [17] [18] [19] . A few studies to date have shown that those in a social network are more likely to have similar vaccination status and that disease can spread predominantly through more vulnerable social networks with lesser, if any, effects on more protected social networks [20] [21] [22] .
Geographic or social clusters of parents who decline to immunize their children in a timely manner can create pockets of vulnerability to disease. One study of the 2010 pertussis outbreak in California found an association between clusters of parental exemptions to school-required immunizations and areas with higher pertussis rates [23] . Other studies have shown an association between measles risk and parental choice not to vaccinate, finding correlations among higher income, nonvaccination, and disease in localized outbreaks [18] .
Mobility that occurred between when Tdap is due at ages 11 to 13 and when coverage rates were assessed at ages 11 to 17 may introduce a small amount of errors into calculated vaccine coverage. Zip code coverage rates used in this study were based on adolescents' last known addresses in the ALERT IIS, where addresses are typically updated with every immunization visit. Whether this last known address is the actual current residence is unknown, and between 3 and 5% of the study population is expected to move in any year. Although the authors are not aware of any patterns of mobility in the study area that could bias coverage rates, this is a topic in need of further research.
A number of potential limitations may apply to this study. Different methods of stratifying the study area for income could have been employed. Zip code areas are a crude proxy for community, and teens are likely to cross zip code boundaries in congregating for school, shopping, and social events. Finally, pertussis rates in a single age band for adolescents may be influenced by the presence of disease in persons of both younger and older ages, a topic outside of the scope of this study.
Conclusion
During a 2012 outbreak in Oregon, residence in higher income zip codes was associated with increased levels of reported pertussis among adolescents of 13-16 years of age. The relationship between surrogates of household income and reported pertussis was observed on both aggregated geographic basis and individual teenagers stratified by Oregon Health Plan participation. Whether the connection between pertussis and income is due to differences in care seeking and diagnostic testing, or to real disease risk differences, is unknowable from the present information. Further research is warranted to the causes of the observed income effect.
